This work has proved that a good combination of a simple and fast metal pre-treatment, followed by the deposition of a thin layer of an organic-inorganic silane coating and further layer of epoxy coatings, are able to protect the aluminium alloy AA2024-T3 against corrosion in high concentrations of NaCl solution. The alloy AA2024 is one of the most employed aluminium alloy in structural applications due to its good mechanical properties. However, AA2024 alloy series commonly presents galvanic corrosion due to the rich content of copper element. The influence of different surface pre-treatments, the presence of a silane layer as pre-coating treatment and the influence of phosphonic acids combined with the silane layer on the corrosion protection and adhesion to the aluminium alloy have been examined using accelerated corrosion tests.
Introduction
Aluminium alloy AA2024-T3 is a high strength material usually obtained by a rolling based transformation process. Its hardness, improved by means of precipitation process during the cooling, provides an alloy with very interesting applications as structural materials (e.g. fuselage skin in aerospace industry). However, its excellent mechanical properties, which are mainly due to copper content (about 4-5%), are in contrast with a poor resistance against corrosion. This drawback is consequence of the galvanic coupling between copper and aluminium, which results in microstructural changes based on the segregation of intermetallic compounds into grain boundaries producing intergranular corrosion [1] .
protect metal surfaces, [14, 15] as well as to control the viscosity of the hydrolysed silane solution before deposition.
Among silanes for sol-gel depositions, TEOS (tetraethylorthosilicate), VTMS (vinyltrimethoxysilane), VTES (vinyltriethoxysilane), and GPTMS (3-glycidoxypropyltrimethoxysilane) have been frequently used in several previous works [16] [17] [18] [19] . An interesting review has been published by Wang and Bierwagen regarding sol-gel technology and corrosion protection [20] . The effect of the surface treatment with these silanes in combination with phosphonic acid compounds, such as 1,2-diaminoethanetetrakis-methylenephosphonic acid (EDTPO) or aminotrimethylenephosphonic acid (ATMP), has been studied for the protection against mechanically for 1h at room temperature and subsequently stored for 3 days prior to use. Immediately after the pre-treatment, AA2024 samples were immersed in the sol-gel bath for 30 min and cured in an oven at 110 °C for 1 h. The silane film was applied to several specimens previously pretreated with mechanical decaling and chemical etching, as detailed before.
Epoxy paint preparation and application
The primer used as a second coating layer to the protection of the AA2024 surface is a two components epoxy-polyamide material commercialized by Pinturas Hempel S.A.
(Hempadur 15570 and curing agent 95570). This primer is characterized by a high performance in protection against corrosion and the dry film paint has good mechanical properties as hardness, toughness and good adherence. The ratio resin-hardener ratio (v/v) used was 4/1 according to the manufacturer recommendations. The mixture was prepared in a polyethylene reservoir at room temperature (25 ºC) by stirring for about 30 minutes. The discoid specimens were immersed into the reservoir containing the liquid paint suspended by a nylon thread. This process should be reproducible as much as possible in order to obtain a homogeneous distribution of paint across the surface and comparable thickness in all specimens tested.
The painted specimens were allowed to cure for 7 days at room temperature.
Finally, commercial paint Hempadur 15300/15302 was applied to the edges and holes to avoid corrosion preferential beginning. Once the paint was completely dried, thickness was measured by using the meter Mega-Check Pocket of Neurtek S.A. The apparatus was previously calibrated to non-ferrous basis by using the gauges supplied.
Characterization techniques
Roughness measurements. In order to obtain required roughness parameters of chemically and mechanically polished samples, a contact roughness meter TaylorHobson Talysurf series 2 was used. In order to discard a preferred direction of the polishing or etching marks on the sample's surface, both longitudinal and transversal measurements were performed. Roughness parameters that were taken into account are detailed below [25] .
Arithmetical mean roughness, R a , is the arithmetic mean of absolute height values in a roughness profile along a sampling profile. Total roughness height, R t , is defined as the distance between the highest peak and the lowest valley in a roughness profile. [26] .
Parameters of the Abbott-Firestone curve or bearing area curve are also reported in the present stud [27] . The curve is obtained from a roughness profile by drawing lines that are parallel to the datum and measuring the percentage of material that lies within the profile. Total height of the curve is divided into three parts, corresponding to parameters R pk , R k and R vk . Parameter R pk is related to height of peaks above the central part of the profile or core, or the highest part of the surface which can be worn because of friction with another surface; parameter R k with the profile core; and parameter R vk with the depth of valleys below the profile core, or the lowest part of the surface which favours the physical fixation of a coating layer on the workpiece's surface.
FTIR spectroscopy. The silane modified films preparation was monitored by FTIR spectroscopy. Structural characterization of the starting materials used to obtain silane compounds and tracing the curing process were performed using a Nicolet 6700 FTIR spectrometer equipped with a Smart SAGA (specular aperture grazing angle) accessory and Omnic software. Films were directly deposited on aluminium surface. Spectra were collected with an incidence angle of 80º from the normal surface using a wavenumber range of 4000-600 cm -1 at a resolution of 8 cm -1 .
Thermal analysis. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were used in thermal characterization of the silane coatings. DSC was performed using a TA Instruments Q100 series equipped with a refrigerated cooling Microscopy analysis. The effects of the different pre-treatments on the aluminium surface were observed using an Olympus BX-51 light polarizing microscope operating in reflection mode with an Olympus C3030Z digital camera coupled. The silane and epoxy deposition, as well as the corrosion products obtained after the corrosion assays, were later examined using scanning electron microscopy (SEM). SEM studies were carried out using a Focused Ion Beam Zeiss Neon40 scanning electron microscope equipped with an energy dispersive X-ray (EDX) spectroscopy system and operating at 30 kV. Samples were mounted on a double-sided adhesive carbon disc and sputtercoated with a thin layer of carbon to prevent sample charging problems. Photographs and micrographs of the specimens were taken before exposure to the aggressive medium as well as through-out the corrosion assays.
Accelerated corrosion assays.
The main purpose of accelerated corrosion tests was to evaluate the surface state evolution versus time of the aluminium AA2024T3 pieces coated with organicinorganic silane and epoxy paint. Simultaneously, the assay has enabled to study the comparative behaviour of aluminium alloy coated with epoxy primer (only one coat) and the differences between the mechanical dealing and chemical etching after two layers depositions (i.e. silane as inner layer and epoxy as outer layer).
Corrosion studies were carried out using home-made equipment developed and patented in our laboratory [28] for cyclic test in an aggressive solution. The aggressive medium was an aqueous solution of NaCl (3.5 wt.%, pH=6.6) stored in a glass container at room temperature. The operating controlled program conditions for one cycle were:
immersion of coated steel sheets (15 min), wring out (30 min), drying stage with bulbs (230V-100W, 10 min) and cooling time at room temperature (5 min). Painted panels were sealed on the edges and around the hole used for securing the pieces. The samples were scribed and tested for a total exposure time of 45 days (corresponding to 1080 cycles of 1 hour each one). After 1080 h, corrosion performance was evaluated by ASTM D1654 [29] and with SEM photographs of corrosion products. The dry film thickness (DFT) of the coating varied of 90±15 m for all samples.
Adhesion of coatings.
The adhesion strength of coatings on AA2024 discs was determined by pull-off test (UNE-EN-ISO 4624) using KN-10 Neurtek S.A.
adhesion equipment (dollies: 20 mm diameter) [30] . The adhesion measurements were performed prior to exposure in 3.5 wt% NaCl solution (dry adhesion) and after 5, 10, 30
and 45 days of immersion at room temperature (wet adhesion). For each system, two areas were examined and those with the interfacial failure were considered and the minimum force to detach the coatings from substrate was recorded accordingly.
Results and Discussion

Surface characterization
One of our aims is to evaluate the influence of pre-treatments in the subsequent deposition of silane coating. Pre-treatment may influence the roughness of aluminium surface, which is a factor responsible for silane deposition. Therefore, the first parameter to be evaluated is the surface of disk aluminium specimens, either after chemical pickling process with Novaclean ® AL 86LF or after mechanical polishing with corundum 800, as described in the Experimental Section. Table 1 shows average values of roughness parameters for N and C specimens, which were measured considering 5 pairs of directions, where each pair was constituted by a given direction (longitudinal) and a direction perpendicular to it (transversal).
R a and R k parameters are very similar for both specimens, showing similar average heights of roughness profiles and a similar height of the core section of the profile. R t is slightly higher for specimen N than for specimen C, showing a higher distance between the highest peak and the lowest valley when Novaclean ® AL 86LF is used. This is illustrated in Figure 1a for a sampling length of 2 mm. As it can be seen, the highest peak for specimen C is above the highest peak for specimen N while the lowest valley for specimen N is below the lowest valley for specimen C.
Parameter R sk , which is related with the symmetry of the roughness profile, is slightly positive and negative for specimen C and N, respectively. It can be concluded that for the mechanically treated specimen C average height of peaks is higher than average depth of valleys, indicating a surface in which peaks are most prominent than valleys. On the contrary, for the specimen treated with Novaclean average depth of valleys is higher than average height for peaks. This corresponds to a surface with more prominent valleys than peaks.
Parameter R ku , which shows the sharpness of the roughness profile, is higher than 3 for the two specimens studied. This means that both profiles are spiked. Furthermore, the profile of the chemically etched specimen N is sharper than that of the mechanically polished specimen C.
Finally, R pk shows a higher value for specimen C than for specimen N. For this reason, peaks are more important in specimen C than in specimen N. Regarding to R vk , values are higher for specimen N than for specimen C. This means that valleys are more important for specimen N than for specimen C, which is consistent with R sk observations, providing a wider area for physical fixation of coatings.
Figure 1b presents Abbott-Firestone curves of one measurement for specimen C and one measurement for specimen N, both in the transversal direction. Only one measuring direction was taken into account, since marks on the chemically or mechanically polished surface did not present a preferred direction. In order to compare both curves 90 % of material was taken as reference, as it is usual in the study of cylinders wear for internal combustion engines [31] . Both curves show the S-shape that is typical for abrasive machining processes. Although both curves are very similar, meaning that surfaces where the coating will adhere are similar, it can be concluded that specimen C has higher peaks than specimen N, while specimen N has deeper valleys.
The main conclusion is that surfaces obtained by mechanical polishing with Organic-inorganic self-assembled monolayers between aluminium alloy phosphonic molecules have been extensively studied and proved for many authors. Therefore, we intended to use a phosphonic derivative with many O=P-OH groups to promote the TEOS-VTMS network deposition. As it can be seen in Figure 2d , the DETAPO spectrum shows lower resolution, which is consequence of a high density of hydrogen bond linkages among phosphonic groups. A broad and strong peak from P-OH stretching, forming hydrogen bonds, is observed at 3700-3050 cm -1 . Furthermore, C-H stretching from CH 2 groups, with worse resolution than in VTMS and TEOS spectra, is identified at about 2900 cm Due to the low thickness of the films, the presence of noise in the 3600-3400 cm -1 region makes difficult the detection of the absorption bands from silanol groups (Si-OH) typically formed at the outer layer. Accordingly, the FTIR spectrum confirms the cross-linked structure of the hybrid silane coating, even though the identification of P-O-Al and Si-OH groups is problematic due to both overlap of bands and noise problems.
Thermal analysis of VTMS-TEOS-DETAPO solid film was carried out. The DSC curve proves the presence of highly amorphous phase corresponding to a vitreous material (Figure 4a ). The thermogram only shows one glass transition at 42ºC in the second heating, which indicates that the material is completely crosslinked after the first heating. On the other hand, the TGA curve ( Figure 4b ) exhibits a very low weight loss (10%) at 800ºC, with three mainly decays at 132, 444 and 760ºC, according to the derivative weight change versus temperature. Thus, the silane coating obtained is a vitreous and brittle film mainly formed by an inorganic network, despite a small organic content from organophosphonic groups is present. Therefore, it justifies the need of a second barrier organic layer for further protection of the aluminium surface and to preserve the mechanical integrity of the silane film.
Accelerated corrosion assays: adhesion and corrosion from scribe
The next step, previous to evaluation of resistance against corrosion, was the deposition of epoxy primer over the silane coating. The anticorrosive paint was applied by immersion and the thickness of coatings was measured in both specimen faces in 5 different points. The average thickness of epoxy coating was described in the Experimental Section. The organic coating thickness is a very important parameter since it can be correlated with the adherence and corrosion resistance of the coating acting as a barrier. In general, high thicknesses result in a poor adherence and, therefore, a low corrosion resistance. Accordingly, aluminium disks coated with similar epoxy thickness were selected for assays. In order to evaluate the blistering formation or film detach between the interfaces metal-silane coating and silane-epoxy coating, all samples were scratched with a knife type blade, corrosion progress being evaluated around the scribe.
Corrosion accelerated tests were carried out in sodium chloride aqueous solution Finally, some morphological characteristics were studied by SEM. Figure 6 compares surface and cross-section representative micrographs for uncoated AA2024, AA2024/silane and AA2024/silane/epoxy. Figure 6a allows appreciate some marks on AA2024 sample from the mechanical pre-treatment with corindon 800, which mainly involve Al, Cu, Mg, Mn and Fe elements as is reflected in the corresponding EDX analysis (Figure 6b ). After the VTMS-TEOS-DETAPO deposition (Figure 6c ), these marks are smoothed and the EDX analysis proves the existence of a high concentration of Si with decreasing in Al concentration (Figure 6d ). This feature indicates that the surface is well covered.
As the roughness of aluminium surface is similar for both pre-treatments, we assumed similar thicknesses for the silane coating of all samples and, therefore, the epoxy coating thickness is not expected to be influenced by such factor (i.e. results with and without silane can be directly compared). Samples were cut and slightly polished to look at the interface between aluminium and epoxy coating. The thickness of the silane layer was within the nanometric scale and, therefore, its identification in the interface detected by SEM between metal surface and epoxy coating was problematic. Figure 6e shows the cross-section for the sample without silane coating, which suggests that the organic coating is not well adhered. Indeed, many fissures are observed between the organic layer and the metal surface (Figure 6f ). On the other hand, samples coated with VTMS-TEOS-DETAPO network shows good film formation to the metal surface (Figure 6g-h) , explaining the lowest blistering formation detected for this sample.
Samples mechanically polished and coated with silane films presented similar adhesion that samples chemically pickling (micrographs not shown). Thus, good interaction and compatibility between the silane film and the epoxy primer were obtained in both cases.
The corrosion products formed in the scratch were also evaluated using SEM and Table   2 .
The adhesion degradation was aggressive enough to have a measurable effect of adhesion reduction after 45 days, as expected. In this way, EI-0-N shows a weaker adhesion to aluminium substrate compared to EI-1-N and EI-1-C discs (Figure 8b ) after 45 days of corrosion assays. Despite we analysed only two areas for each sample it is interesting to note that there is a slight drop in the adhesion strength from dry state to wet in 5 days for samples with silane pre-coating, whereas sample without silane presents a rise. It is probably due to the rapid ingress of water, and therefore, oxygen in the metal surface causing the formation of a very thin aluminium oxide adherent layer.
As the oxide layer grows, the paint film is losing adherence, which does not occur when the intermediate layer is a strong covalent bonding with VTMS-TEOS and phosphonic groups to the metal surface.
Therefore, the results showed that pre-coatings employing VTMS-TEOS-DETAPO very thin films improve the adhesion strength of epoxy primer on AA2024-T3.
Conclusions
The main conclusions of this work can be summarized as follow:
1. The silane coating (VTMS-TEOS), suitably modified with phosphonic groups (DETAPO), shows good adhesion to metallic substrate as well as good adherence with the epoxy outer layer, which result in an improved corrosion resistance. An alternative explanation to the good silane adhesion is the elimination of the intermetallic precipitates (Al-Cu-Mn) from the AA2024 surface. Therefore, both pre-treatments allow avoid the microstructural galvanic corrosion in this alloy.
5. The presence of a very thin layer of silane coating is essential for the good deposition of the epoxy primer, which acts as a barrier coating to the penetration of chloride ions avoiding, therefore, the pitting phenomenon under the coating. Table 1 . Average values of the roughness parameters described in the experimental section for the two specimens analyzed. 
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